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Abstract 

Background: Increasing numbers of patients require permanent walking aids to maintain mobility. Current elbow 
crutches are not designed for long-term use, and overuse is often associated with hematoma formation and pain 
along the forearm. We therefore hypothesized that the highest pressures between the forearm and crutch cuff 
during walking and stance are located in the ulnar region and that the level of weight-bearing, forearm 
circumference and kinematic parameters influence peak pressure values and pressure distribution. 

Methods: Ten healthy adults participated in a cross-sectional study. A pressure sensor array was attached to the 
forearm of each participant separating the forearm into four quadrants (lateral, ulnar, intermediate and medial). 
Measurements were taken during crutch gait and during partial and full weight-bearing stance. A three-dimensional 
motion analysis system with reflective markers attached to the subject's body and to the crutches was used to 
obtain kinematic data. 

Results: The mean pressure on the forearm during crutch gait was 37.5 kPa (SD 8.8 kPa). Highest mean pressure 
values were measured in the ulnar (41.0 kPa, SD 9.6 kPa) and intermediate (38.0 kPa, SD 9.0 kPa) quadrants. The 
center of pressure was mainly located in an oblique lamellar area in these two quadrants. With increasing 
weight-bearing on the crutches during stance, we observed a shift of the peak pressures towards the ulnar 
quadrant. The circumference of the forearm correlated with the peak pressure in the medial and intermediate 
quadrants during crutch gait (P < 0.05). Peak pressures on the forearm showed a trend towards correlation with 
crutch abduction, but no association with other kinematic parameters was detected. 

Conclusion: The pressure load on the forearm during crutch-assisted gait is located predominantly over the ulna 
and may be linked to a range of secondary conditions caused by crutch use including hematoma formation and 
pain. 
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Introduction 

As the number of people living to an advanced age in- 
creases, the number of individuals suffering from degenera- 
tive diseases such as osteoarthritis (OA), spinal stenosis or 
disability also increases [1]. This development is reflected 
by an increase in patients requiring and benefitting 
from permanent walking aids in form of crutches or 
walkers for maintaining mobility. For instance, the use 
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of walking aids significantly improves the quality of life 
in patients with knee OA [2] . 

However, crutch-assisted walking costs twice the energy 
of normal gait [3,4] and induces greater loads on the 
upper extremities; the glenohumeral joint may be loaded 
by more than 100% body weight during crutch gait [5]. 
The use of elbow crutches can trigger tenosynovitis in the 
biceps tendon [6] and cause ulnar neuropraxia at the wrist 
[7] and at the forearm [8]. Clinical experience shows that 
patients using elbow crutches may suffer from pain or skin 
hematoma, notably along the ulnar bone. In more severe 
circumstances, cases of ulnar bone fracture during crutch 
gait have been reported [9,10]. 
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We speculated that these symptoms are related to ex- 
cessive pressures applied to the forearm by the crutch 
cuff and that these pressures will be affected by the 
crutch position relative to the body. Understanding the 
parameters affecting the mechanical interface between 
the forearm and the crutch are critical for designing im- 
proved crutches. Sala et al. [11] have shown that crutch 
handle design influences palmar pressure distribution, 
reduces pressure loads in specific anatomic regions and 
increases the load-bearing area on the palmar surface of 
the hands during ambulation. However, to date informa- 
tion on the topographic pressure distribution between 
the forearm and the crutch cuff during crutch-assisted 
walking and stance is not available. 

The purpose of this study was to test the hypotheses 
that the highest pressure between the forearm and crutch 
cuff during walking and stance is located in the ulnar re- 
gion and that the level of weight-bearing, forearm circum- 
ference and kinematic parameters influence peak pressure 
values and pressure distribution. 

Methods 

A homogenous group of ten healthy male volunteers par- 
ticipated in this study after providing informed consent. 
The study was conducted in accordance with the declar- 
ation of Helsinki. The patients' mean age was 26.6 years 
(range 23 to 38 years) and their mean body mass index 
(BMI) was 24.1 kg/m 2 (range 21.9 to 26.8 kg/m 2 ). None of 
the patients had any orthopedic injuries within the preced- 
ing twelve months. Three participants had previously used 
crutches because of an injury. An experienced physio- 
therapist ensured the correct crutch configuration and 



position (Rebotec, Quakenbriick, Germany). The length 
from the olecranon to the styloid process of the ulna 
and the circumference of the forearm at the level of the 
proximal end of the cuff were measured using a tape 
measure. 

Pressure measurement 

Pressure distributions were measured using a pressure 
sensor array (Sensor Model 5101; Tekscan Inc., South 
Boston, USA; 15.5 sensel per cm 2 ; 120 frames per second). 
Prior to each data collection session, the sensor arrays 
were calibrated using a two-point calibration procedure 
and by applying a known static weight according to the 
manufacturer guidelines. While the reliability of the 
Tekscan system for measuring pressures between the 
crutch cuff and forearm were not available, intra class 
correlation coefficients for plantar pressure measurements 
during gait using this system reflected good to moderate 
reliability [12], 

The subjects right ulna was palpated, and the pressure 
sensor array was positioned following a mask dividing 
the forearm into four quadrants, medial, intermediate, 
ulnar and lateral. Each region measured 11.2 cm x 2.8 cm 
(Figure 1A). The sensor was secured to the forearm using 
an adapted support stocking so that the end of the sensor 
array was aligned with the level of the proximal end of 
the cuff (Figures IB and C). The sensor array was at- 
tached to a scanning electronics box that was con- 
nected to a computer via a 4.5 m USB cable. The box 
was attached to the upper arm using self-adhesive tape 
(Figure IB). After every two participants, the sensor 
was replaced. 
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Crutch gait analysis 

A six-camera three-dimensional motion capture system 
(Vicon MX13+, Oxford, United Kingdom) and two force 
plates (Kistler, Winterthur, Switzerland) were used to cap- 
ture kinematic data and to control weight-bearing. Reflect- 
ive skin markers were attached to predefined anatomical 
landmarks and placed according to the Helen Hayes 
model for the lower body [13] and the upper body Plug 
In Gait model described by Gutierrez et al. [14]. Four 
additional markers were placed on each crutch, namely 
at the bottom, below the handle, at the tip of the handle 
and on the cuff (Figure 1C). Before collecting gait or 
stance data, a static calibration trial in neutral stance 
position was recorded. 

Experimental conditions 

Subjects were given sufficient time to familiarize with 
the following four experimental conditions. 

Normal crutch gait 

The standard walking procedure was determined as: ad- 
vance the crutches together with the right lower extremity, 
then advance the left lower extremity while bearing the 
weight on the crutches and the right lower extremity. Data 
for five crutch gait trials with at least three right forearm 
loadings each were recorded. Partial weight-bearing was 
controlled during all trials using the force plate data. 

Partial weight-bearing stance 

Participants performed two partial weight-bearing stance 
experiments with 50% and 75% body weight on the 
crutches, respectively. Participants stood on the force 
plate on their right foot with part of their body weight 
supported by their foot and the other part of their body 
weight supported by the crutches. 

Balancing on the crutches 

To simulate loading of the crutches with full body weight, 
participants were asked to balance on their crutches while 
lifting both feet off the ground. Data for as many attempts 
as possible were recorded during two 7-second trials. 

Data processing 

For each experiment and participant, the recorded fore- 
arm pressure values were used to calculate the average 
and peak pressures for each quadrant and for the entire 
sensor. The center of pressure was calculated for each 
frame, and the path of the center of pressure was obtained 
for each trial. In addition, the pressure data within each 
region was summed for visualizing total pressure load. 

The motion data was used to calculate flexion, adduc- 
tion and rotation of the right shoulder and the flexion of 
the right elbow and the angles between the crutch and 
the upper body axis ("crutch abduction") and between 



the crutch handle and the frontal axis of the pelvis 
("handle rotation") during the stance phase of the right 
lower extremity for each trial. 

The peak pressure for most trials occurred at 50% of the 
stance phase of the right lower extremity and we hence 
related pressure values to kinematic parameters at that 
time point. 

Statistical analysis 

All statistical tests were carried out in GraphPad Prism 
5.02 (GraphPad Software Inc., USA). Data are represented 
as means ± one standard deviation. Significant differences 
between conditions were detected using a one-way ana- 
lysis of variance (ANOVA) with forearm circumference as 
between subject factor and level of weight-bearing as 
within subject factor followed by Bonferronis Multiple 
Comparison test. Significant correlations between kine- 
matic parameters and peak pressures were detected using 
Pearson correlation (GraphPad Prism 5.02). The signifi- 
cance level for all statistical tests was set a priori to 0.05. 

Results 

Mean pressure and load-bearing area 

Biometric characteristics, mean pressure of the whole sen- 
sor and the size of the load-bearing area for each partici- 
pant and experimental condition are presented in Table 1. 
The mean pressure during crutch gait ranged from 22.5 to 
55.2 kPa and the mean loading surface from 20.5 to 
65.7 cm 2 . Mean pressures during crutch gait were similar 
to those observed during 50% weight-bearing stance, and 
the mean size of the load-bearing surface during crutch 
gait was similar to that for 75% weight-bearing stance 
(Table 1). The area of the pressure-loaded area for the 
75% and full weight-bearing conditions was more than 
three-fold that for the 50% weight-bearing conditions. 

Mean pressures in the quadrants increased from crutch 
gait and the 50% weight-bearing stance to the 75% and full 
weight-bearing stance conditions (Table 2). Differences in 
peak pressure between the ulnar and the lateral quadrant 
were significant for 75% weight-bearing stance (p < 0.01) 
and full body- weight stance (p < 0.05). 

Location of peak pressures and center of pressure 

The summed total pressures were distributed in an ob- 
lique triangle shape located in the proximal zone of the 
intermediate and ulnar quadrants during crutch gait and 
broader in the ulnar quadrant during the stance experi- 
ments (Figure 2A). For most trials, the peak pressures 
were located in these two regions with the majority being 
observed in the proximal ulnar quadrant: for crutch gait, 
50% weight-bearing and full weight-bearing stance, the 
peak pressure was in the ulnar region for seven partici- 
pants and in the intermediate region for three participants; 
for 75% weight-bearing stance, the peak pressure was in 



Fischer et at. Journal of NeuroEngineering and Rehabilitation 2014, 11:61 
http://www.jneuroengrehab.eom/content/1 1/1/61 



Page 4 of 9 



Table 1 Biometric data, mean pressure and size of the loaded forearm area 





Biometric data 




Crutch walking 


Stance 50% BW 


Stance 75% BW 


Stance 100% BW 


No. 


Height [cm] 


BMI [kg/m 2 ] 


CF [cm] 


MP 


MLS 


MP 


MLS 


MP 


MLS 


MP 


MLS 


1 


177 


21.90 


29 


32.5 


54.3 


33.9 


36.0 


41.1 


56.0 


47.4 


56.0 


2 


179 


26.69 


29 


36.2 


65.7 


41.5 


41.7 


57.2 


83.1 


30.7 


83.1 


3 


184 


23.63 


30 


45.8 


46.1 


41.9 


21.9 


47.5 


74.0 


65.8 


74.0 


4 


183 


23.29 


27 


31.8 


40.6 


31.5 


20.7 


36.5 


54.1 


37.9 


54.1 


r 
J 


172 


25.88 


zo 


32.4 


57.8 


30.3 


33.3 


40.8 


67.6 


47.2 


67.6 


6 


176 


26.79 


28.5 


36.8 


33.1 


35.2 


12.1 


42.8 


59.2 


55.2 


59.2 


7 


178 


23.22 


28 


55.2 


20.5 


55.3 


15.0 


62.6 


53.3 


74.8 


53.3 


8 


183 


23.46 


29 


46.0 


42.3 


50.4 


5.9 


55.1 


78.0 


61.4 


78.0 


9 


169 


22.06 


26.5 


35.4 


32.2 


43.5 


10.9 


41.3 


67.5 


52.0 


67.5 


10 


177 


23.30 


28 


22.5 


39.0 


21.5 


6.8 


24.0 


71.1 


43.1 


71.1 


Mean 


177.8 


24.0 


28.3 


37.5 


43.2 


38.5 


20.4 


44.9 


66.4 


51.6 


66.4 


1SD 


4.8 


1.8 


1.0 


9.2 


13.4 


10.0 


12.7 


11.2 


10.4 


13.3 


10.4 



Data are shown for crutch walking and stance with 50%, 75% and 100% body weight (BW) supported by the crutches for all 10 subjects. The load distribution 
between the crutches and the subjects' foot was controlled using two force plates. For the 100% BW stance, subjects were asked to balance on their crutches 
with both legs lifted off the ground. 

BMI body mass index; CF forearm circumference; MP mean pressure [kPa], MLS size of the pressure loaded forearm area [cm 2 ]. 



the ulnar part for eight participants and in the intermedi- 
ate region for two participants. Peak pressure values were 
similar for the intermediate and the ulnar quadrant for 
crutch gait and full weight-bearing and higher in the ulnar 
than the intermediate region for 50% and 75% weight- 
bearing stance (Figure 2B). The difference between the 
two quadrants was only statistically significant for the 
75% weight-bearing stance condition (p < 0.05). Across 
all experiments, more than 75% of the total pressure 
load was found in the ulnar and the intermediate quadrant 
(Figure 2B). 

The center of pressure was located in the proximal 
intermediate and ulnar quadrants (Figure 3). In four 
participants, the center of pressure moved little during 
walking, while in seven volunteers the center of pres- 
sure moved within an oblique lamellar area (Figure 3) 
shifting from the intermediate to the ulnar quadrant. 

Kinematic data 

Kinematics during the stance phase of crutch gait 
showed similar patterns for all participants: they walked 
with internally rotated shoulders, which increased towards 
the end of the stance phase, and with internally rotated 
crutch handles. While the shoulders were adducted 



throughout the stance phase, the crutches were abducted 
with the tips pointing outward. This crutch abduction de- 
creased from the beginning to the end of the stance phase 
(Figure 4). For the partial and full weight-bearing condi- 
tions, all participants adopted the same position of slightly 
internally rotated and adducted shoulders and abducted 
crutches (Table 3). 

Relationship between peak pressure and kinematic and 
biometric parameters 

There was no significant correlation between peak pres- 
sure and any of the kinematic parameters at 50% of the 
stance phase during walking (Figure 5). However, there 
was a tendency towards higher peak pressures with 
greater crutch abduction (p = 0.07). The peak pressure 
in the intermediate (r = 0.658, p = 0.039) and the medial 
(r = 0.652, p = 0.041) quadrant significantly correlated 
with the circumference of the forearm. In addition, the 
peak pressure in the medial quadrant significantly corre- 
lated with the size of the load-bearing surface (r = 0.723, 
p = 0.018). Except for the significant correlation between 
peak pressure in the medial quadrant and the forearm 
circumference (r = 0.671, p = 0.034) during 50% weight- 
bearing, the correlations between peak pressure and 



Table 2 Mean (standard deviation) pressure (kPa) of the sensor quadrants 



Sensor quadrant 



Crutch walking 



Stance 



50% body weight 



75% body weight 



Full body weight 



Lateral 


35.4 (10.4) 


35.2 (9.2) 


35.9 (9.2) 


38.9 (10.1) 


Ulnar 


41.3 (9.6) 


42.6 (10.2) 


55.5 (12.6) 


60.2 (13.2) 


Intermediate 


38.1 (9.0) 


36.8 (9.8) 


45.4 (14.7) 


58.9 (17.7) 


Medial 


34.8 (8.6) 


34.6 (9.5) 


39.2 (10.9) 


47.7 (9.1) 



Fischer et at. Journal of NeuroEngineering and Rehabilitation 2014, 11:61 
http://www.jneuroengrehab.eom/content/1 1/1/61 



Page 5 of 9 




both forearm circumference and size of the load-bearing 
area were stronger for the walking than for the stance 
conditions. 

Discussion 

We found that the highest pressure loads during crutch 
gait were located over the ulna and mean pressures in- 
creased with increasing weight-bearing. Furthermore, the 
size of the pressure-loaded area for walking was twice that 
for the 50% load-bearing condition and half that for the 
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Figure 3 Center of pressure. Distribution of the centers of 
pressure (COP) during the loading phase above 50% (blue) and 
above 90% (pink) of the highest pressure value. The graphs show 
the 1 1 cm x 1 1 cm sensor for one volunteer. 



75% and full weight-bearing conditions. We observed peak 
pressures between 100 and 170 kPa for most volunteers, 
which were lower than the pressure values of 240 kPa on 
the palm during crutch gait reported by Sala et al. [11]. 
The high peak pressure loads applied to the palm are likely 
dispersed by the thicker soft tissue which serves to protect 
the underlying bones. The soft tissue covering the ulna is 
much thinner than that of the palm, and hence even peak 
pressure loads within the range measured in our study ap- 
plied during extensive crutch walking may be sufficient for 
causing pain or hematoma along the ulnar bone as clinic- 
ally observed. While we did not measure palmar pressure 
distributions in this study, it is possible that forces and 
moments applied to the crutch handle and those applied 
to the crutch cuff may counteract each other. Understand- 
ing this interaction is critical for avoiding that the problem 
shifts from one region to another when new crutch de- 
signs are introduced. 

The highest average and maximum pressures as well as 
the centers of pressure were found in the intermediate 
and the ulnar quadrants; specifically, they were located in 
the proximal part for most participants. We found that — 
while with increasing load the center of pressure moved 
horizontally from the intermediate quadrant towards the 
ulnar quadrant — the size of the pressure-loaded area did 
not change. This horizontal shift of the crutch relative 
to the forearm may represent shear loads on the skin 
overlying the ulna, which may induce injuries such as 
those observed in people after prolonged crutch use 
[6-10]. In this study, we measured pressure but not fric- 
tional forces between the crutch cuff and the forearm. 
Hence, the data obtained in this study is not sufficient 
for testing this mechanism. 
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Table 3 Mean (standard deviation) angular kinematics recorded during the stance trials for the right lower extremity 



Angle [°] 50% body weight 75% body weight Full body weight 



Elbow flexion 


42.6 (4.6) 


43.9 (4.9) 


45.7 (5.5) 


Shoulder flexion 


1 .8 (8.2) 


1 .6 (9.8) 


4.6 (5.5) 


Shoulder adduction 


12.1 (4.3) 


10.9 (3.8) 


13.2 (5.6) 


Shoulder rotation 


1 7.6 (6.5) 


15.7 (6.0) 


16.1 (5.6) 


Crutch abduction 


26.8 (7.9) 


27.6 (9.1) 


30.2 (7.2) 


Handle rotation 


81.9 (7.1) 


80.7 (7.5) 


81.7 (6.6) 
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Figure 5 Correlation between kinematic parameters at 50% of the stance phase and the mean of the highest pressure values during 
crutch gait. 



The correct adjustment of the crutches and kinematic 
patterns presumably are important parameters in minim- 
izing and optimally distributing the loading on patients' 
forearms. Of all kinematic parameters assessed in this 
study, only crutch abduction was weakly associated with 
higher peak pressures: the more abducted the crutches 
were the higher was the pressure. However, we only mea- 
sured healthy persons with correctly adjusted crutches 
and did not provide instructions on how to hold them. 
Nevertheless, the kinematic patterns for the shoulder, 
elbow and crutch are in agreement with those reported 
previously [15] for one female subject without any previ- 
ous experience in crutch-walking. Data for one step in our 
study roughly corresponded to 0 to 50% of an entire gait 
cycle reported by Bhagchandani et al. [15]. Although 



healthy subjects were tested in both studies, the agreement 
in kinematic data between these studies supports the 
validity and relevance of the data. In patients with knee 
osteoarthritis, cane use causes an immediate increase in 
energy expenditure and decrease in pain during gait [2]. 
Hence, an optimal crutch-gait pattern in patients will be 
presumably defined primarily by pain in their index 
joint or limb and by their energy expenditure and only 
to a lesser extent by the pressure loads between the crutch 
cuff and forearm. Moreover, walking with reduced crutch 
abduction may efficiently reduce pressure loads on the 
ulna in patients with ulnar pain during prolonged crutch 
walking. A comparison between healthy subjects and 
groups of patients and between different ambulation 
patterns is needed to better understand the association 
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between kinematic patterns and pressure load between 
the crutch cuffs and the forearms. 

The significant correlation between the circumference 
of the forearm and the medial side of the sensor during 
crutch gait indicates a different pressure distribution in 
bigger forearms. The relationship between forearm circum- 
ference and pressure distribution was more pronounced for 
walking than for standing. This result is particularly inter- 
esting because people more frequently perform walking 
than standing tasks while using crutches. However, our 
subjects had a relatively small range in forearm circumfer- 
ence (26.5 to 30.0 cm) and hence this relationship should 
be confirmed in subjects groups with larger variability in 
forearm circumferences. 

Although there was a large range in the magnitudes 
of kinematic parameters during crutch gait and differ- 
ent pressure distribution patterns among our subjects, 
peak pressures were mainly found within the same ob- 
lique, triangle-shaped area. The centers of pressure of 
the participants— all found in this area— were clustered 
even closer together: they were either in a narrow strip 
or assembled in a small point over the ulna. Therefore, 
we propose that the pressure over the ulna could be re- 
duced by a novel cuff design. The novel cuff shape 
should better distribute the pressure over the entire 
forearm, ideally to areas with more soft tissue, which 
presumably absorb pressure better than areas with little 
soft tissue. Furthermore, additional cuff padding should 
adopt the shape of the forearm anatomy and simultan- 
eously reduce rubbing of the skin while ensuring stability 
and maneuverability. Finally, the new crutch design should 
account for differences in forearm circumference. 

Patients who experience high pressure loading between 
the crutch cuff and the patients forearm may also adopt 
gait patterns in an attempt to relieve associated pain. Such 
altered gait patterns combined with pathologic conditions 
and/or altered shape of the humeral head may result in 
abnormal stress distributions in other structures such as 
the scapula as observed in a theoretical study by Buchler 
et al. [16]. Moreover, the amount of forearm rotation 
influences the anatomical regions that transfers loads 
between the ulna and the radius. Ishi et al. [17] showed 
in a cadaver study that in pronation the pressure load 
was concentrated in the dorsal portion of the sigmoid 
notch and in supination the pressure load was distributed 
on the palmar portion of the radioulnar joint. Hence, not 
only the interaction between the crutch and the body but 
also the orientation and motion of body segments during 
crutch gait are relevant for understanding the mechanical 
consequences on upper extremity joints. 

The two measurement systems, Tekscan and Vicon, 
could not be synchronized, and we thus only related the 
gait parameters at 50% of the stance phase — which coin- 
cided with the highest pressure values— to the pressure 



parameters. Future study should relate kinematic data of 
the entire gait cycle to pressure distribution patterns 
between the crutch cuff and the forearm. Measuring the 
pressure distribution between the crutch cuff and the 
forearm only on the right side did not allow for a com- 
parison between both sides. It is possible that the load is 
unevenly distributed between both crutches, which we 
did not control in this study. We used the Plug In Gait 
Model for calculating kinematic parameters, which has 
been previously used for studying upper body kinematics 
and kinetics [14,18]. However, this model does not exactly 
match the model recommended by the International Soci- 
ety of Biomechanics [19]. The primary aim of our study 
was not to provide upper body kinematic data of crutch 
gait but rather to relate differences in upper body kinemat- 
ics to differences in cuff pressure distribution. The model 
recommended by the International Society of Biomechanics 
has been previously expanded to correct for compensating 
soft tissue artifacts in the upper-arm [20]. While some 
studies on crutch gait have used this model [15,21], others 
have applied other models [22]. Hence, there is a need for 
using standardized models when describing crutch gait in 
future studies. Finally, our study only involved healthy in- 
dividuals and our results may differ from those of patients. 
Nevertheless, the data presented in this study contribute 
to a better understanding of crutch cuff-body interaction 
during ambulation. 

Conclusion 

The pressure load on the forearm during crutch-assisted 
gait is located predominantly over the ulna and may be 
linked to a range of secondary conditions caused by crutch 
use. The circumference of the forearm influences the 
pressure distribution between the crutch cuff and fore- 
arm during walking and stance. The results of this study 
emphasize the need for new cuff designs and appropri- 
ate cuff sizing with the goal of preventing injuries in the 
ulnar region of the forearm, which presumably would 
have a profound impact on the healthcare system con- 
sidering the large number of crutch users. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

JF conceptualized the study and was responsible for data collection, 
processing, analysis and interpretation and drafted the manuscript; CN and 
BG assisted in data collection, processing and interpretation; AM was 
involved in data processing, analysis and interpretation and provided writing 
assistance; W was involved in designing the study and data interpretation; 
TH conceptualized the study and contributed to data analysis and 
interpretation and manuscript preparation. All authors read and approved 
the final manuscript. 

Acknowledgements 

We thank Mirjam Hafner for her help with data processing and data 
presentation, Maria Hugle for assisting in data collection, and the Laboratory 



Fischer et al. Journal of NeuroEngineering and Rehabilitation 2014, 11:61 
http://www.jneuroengrehab.eom/content/1 1/1/61 



Page 9 of 9 



for Movement Analysis Basel, Children's University Hospital Basel (UKBB) for 
joint use of the research facilities. 

Author details 

Osteoarthritis Research Center, University Hospital Basel, Spitalstrasse 21, 
4031 Basel, Switzerland, laboratory of Biomechanics and Biocalorimetry, 
Clinical Morphology and Biomedical Engineering, University of Basel, Basel, 
Switzerland. 3 Division of Sport Science, University of Konstanz, Konstanz, 
Germany. 

Received: 18 February 2013 Accepted: 7 April 2014 
Published: 15 April 2014 

References 

1. Vos T, Flaxman AD, Naghavi M, Lozano R, Michaud C, Ezzati M, Shibuya K, 
Salomon JA, Abdalla S, Aboyans V, Abraham J, Ackerman I, Aggarwal R, Ahn 
SY, Ali MK, Alvarado M, Anderson HR, Anderson LM, Andrews KG, Atkinson 
C, Baddour LM, Bahalim AN, Barker-Collo S, Barrero LH, Bartels DH, Basanez 
MG, Baxter A, Bell ML, Benjamin EJ, Bennett D, et al: Years lived with 
disability (YLDs) for 1 160 sequelae of 289 diseases and injuries 
1990-2010: a systematic analysis for the global burden of disease study 
2010. Lancet 2013, 380(9859)2163-2196. 

2. Jones A, Silva PG, Silva AC, Colucci M, Tuffanin A, Jardim JR, Natour J: 
Evaluation of immediate impact of cane use on energy expenditure 
during gait in patients with knee osteoarthritis. Gait Posture 2012, 
35(3):435-439. 

3. Thys H, Willems PA, Saels P: Energy cost, mechanical work and muscular 
efficiency in swing-through gait with elbow crutches. J Biomech 1996, 
29(1 1):1 473-1 482. 

4. Fisher SV, Patterson RP: Energy cost of ambulation with crutches. 
Arch Phys Med Rehabil 1981, 62(6):250-256. 

5. Westerhoff P, Graichen F, Bender A, Haider A, Beier A, Rohlmann A, 
Bergmann G: In vivo measurement of shoulder joint loads during walking 
with crutches. Clin Biomech 2012, 27(7):71 1-718. 

6. Kruger M, Bischof-Leger E: Frequency of biceps tendon tenosynovitis from 
crutches: a sonographical observation. Z Rheumatol 2008, 67(1):64-67. 62. 

7. Ginanneschi F, Filippou G, Milani P, Biasella A, Rossi A: Ulnar nerve 
compression neuropathy at Guyon's canal caused by crutch walking: 
case report with ultrasonographic nerve imaging. Arch Phys Med Rehabil 
2009, 90(3):522-524. 

8. Malkan DH: Bilateral ulnar neuropraxia: a complication of elbow crutches. 

Injury 1992, 23(6):426. 

9. Venkatanarasimha N, Kamath S, Kambouroglou G, Ostlere SJ: Proximal ulna 
stress fracture and stress reaction of the proximal radius associated with 
the use of crutches: a case report and literature review. J Orthop 
Traumatol 2009, 1 0(3):1 55-1 57. 

10. McGoldrick F, O'Brien TM: Bilateral stress fractures of the ulna. Injury 1988, 
19(5)360-361. 

11. Sala DA, Leva LM, Kummer FJ, Grant AD: Crutch handle design: effect on 
palmar loads during ambulation. Arch Phys Med Rehabil 1998, 

79(1 1):1 473-1 476. 

1 2. Zammit GV, Menz HB, Munteanu SE: Reliability of the TekScan MatScan(R) 
system for the measurement of plantar forces and pressures during 
barefoot level walking in healthy adults. J Foot Ankle Res 2010, 3:1 1. 

13. Kadaba MP, Ramakrishnan HK, Wootten ME: Measurement of lower 
extremity kinematics during level walking. J Orthop Res 1990, 
8(3)383-392. 

14. Gutierrez EM, Bartonek A, Haglund-Akerlind Y, Saraste H: Centre of mass 
motion during gait in persons with myelomeningocele. Gait Posture 2003, 
18(2)37-46. 

15. Bhagchandani N, Slavens B, Wang M, Harris G: Upper extremity 
biomechanical model of crutch-assisted gait in children. Conf Proc IEEE 
Eng Med Biol Soc 2009, 2009:7164-7167. 

16. Buchler P, Ramaniraka NA, Rakotomanana LR, lannotti JP, Farron A: A finite 
element model of the shoulder: application to the comparison of 
normal and osteoarthritic joints. Clin Biomech (Bristol Avon) 2002, 

1 7(9-1 0):630-639. 

1 7. Ishii S, Palmer AK, Werner FW, Short WH, Fortino MD: Pressure distribution 
in the distal radioulnar joint. J Hand Surg 1998, 23(5):909-913. 

18. Romkes J, Peeters W, Oosterom AM, Molenaar S, Bakels I, Brunner R: 
Evaluating upper body movements during gait in healthy children and 



20. 



22. 



children with diplegic cerebral palsy. J Pediatr Orthop B 2007, 
16(3):175-180. 

Wu G, Siegler S, Allard P, Kirtley C, Leardini A, Rosenbaum D, Whittle M, 
D'Lima DD, Cristofolini L, Witte H, Schmid O, Stokes I: ISB recommendation 
on definitions of joint coordinate systems of various joints for the 
reporting of human joint motion-part II: shoulder, elbow, wrist and 
hand. J Biomech 2005, 38(5):981 -992. 

Cutti AG, Cappello A, Davalli A: In vivo validation of a new technique that 
compensates for soft tissue artefact in the upper-arm: preliminary 
results. Clin Biomech (Bristol Avon) 2006, 21 (Suppl 1):S13-S19. 
Slavens BA, Sturm PF, Harris GF: Upper extremity inverse dynamics model 
for crutch-assisted gait assessment. J Biomech 43(1 0):2026-2031 . 
Requejo PS, Wahl DP, Bontrager EL, Newsam CJ, Gronley JK, Mulroy SJ, Perry 
J: Upper extremity kinetics during Lofstrand crutch-assisted gait. Med Eng 
Phys 2005, 27(1 ):1 9-29. 



doi:1 0.1 186/1 743-0003-1 1-61 

Cite this article as: Fischer et al: Forearm pressure distribution during 
ambulation with elbow crutches: a cross-sectional study. Journal of 
NeuroEngineering and Rehabilitation 2014 11:61. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



